Background: The Women's Health Initiative dietary modification (DM) trial provided suggestive evidence of a benefit of a low-fat dietary pattern on breast cancer risk, with stronger evidence among women whose baseline diet was high in fat. Single nucleotide polymorphisms (SNP) in the FGFR2 gene relate strongly to breast cancer risk and could influence intervention effects.
Introduction
The Women's Health Initiative (WHI) randomized controlled trial included evaluation of the health risks and benefits of four prevention interventions in a partial factorial design (1, 2) . A total of 68,132 postmenopausal women were enrolled during 1993 to 1998 at 40 U.S. clinical centers.
The dietary modification (DM) trial component tested whether a low-fat dietary pattern could reduce the incidence of breast and colorectal cancer. It enrolled 48,835 women, with random assignment of 40% to the intervention group and 60% to a usual-diet comparison group, and proceeded to its planned termination after an average of 8.1 years of intervention and follow-up. The low-fat dietary pattern intervention goals included a reduction in dietary percent of energy from fat from baseline levels (estimated by food frequency questionnaire to be above 32% as an eligibility criterion) to 20%, an increase to five of daily vegetables and fruit servings, and an increase to six in daily grain servings. The assessed change in percent of energy from fat was only ∼70% of that assumed in the trial design (1) , and the lower invasive breast cancer incidence in the intervention versus the comparison group was ∼70% of that hypothesized in trial design [hazard ratio, 0.91; associated 95% confidence interval (CI), 0.83-1.01; 1,727 incident cases during follow-up; ref . 2] .
However, the overall trial comparison may be diluted by the inclusion of many women having a relatively lowfat diet at baseline, who may have made little or no dietary change, if assigned to the intervention group. In fact, there was a significant (P = 0.04) interaction between baseline percent of energy from fat, as assessed using 4-day food records, and intervention versus comparison group hazard ratio, with women in the top quartile (≥36.8%) of percent of energy from fat having a hazard ratio of 0.78 (95% CI, 0.64-0.95; ref. 2) .
Findings from recent breast cancer genome-wide association studies provide an opportunity to seek genetic factors that may relate to dietary intervention effects on breast cancer. The strongest breast cancer association to emerge from these studies (3, 4) (5) , and blocking FGFR2 signaling inhibits breast cancer cell proliferation (6) . Intron 2 includes highly conserved regions and is dense in transcription factor binding sites, including sites thought to be relevant to the estrogen receptor (7) .
We tested the FGFR2 SNP just mentioned, along with seven others in intron 2 of this gene, among women who developed invasive breast cancer during the follow-up period of the WHI clinical trial. Each case was matched to a corresponding control without a breast cancer diagnosis during the follow-up period. As recently reported, each of the eight SNPs was significantly related to breast cancer risk in this WHI cohort, with seven of the eight having P < 1.0 × 10 −7 (8) . Moreover, the genotype of one of the eight SNPs, rs3750817, was associated with the breast cancer odds ratio (OR) for both postmenopausal estrogen plus progestin therapy (P = 0.03) and estrogenalone therapy (P = 0.05), whereas the genotype of a second SNP, rs2981582, may also be associated (P = 0.05) with estrogen-alone therapy. Here, we report corresponding analyses for the dependence of ORs for the DM intervention on these SNPs.
Materials and Methods
Study Population, Case Selection WHI clinical trial enrollees were postmenopausal, in the age range 50 to 79 y, without a history of invasive breast cancer, and with no suggestion of breast cancer on baseline mammogram and clinical breast exam. Clinical outcomes were self-reported at 6-mo intervals. Breast cancers were confirmed (9) by review of pathology reports by local physician adjudicators, followed by adjudication at the Clinical Coordinating Center that included coding of estrogen receptor status and progesterone receptor status (positive or negative per local pathology report), histology, and extent of disease using the National Cancer Institute's Surveillance, Epidemiology and End Results system. The trial was approved by human subject review committees at each participating institution, and each study participant provided written informed consent.
All 1,727 invasive breast cancer cases developing between randomization (1993) (1994) (1995) (1996) (1997) (1998) and the end of the intervention phase for the DM trial component (March 31, 2005) were considered for inclusion in the present analyses. Of these, 1,676 (97.0%) had adequate quantity and quality of DNA for SNP genotyping.
Laboratory Methods
The eight FGFR2 SNPs were included in a larger project involving 9,039 SNPs selected from previous genomewide association studies (3, 4) , including a WHI-Perlegen Sciences collaboration (10) . Genotyping and quality control methods at Perlegen, where genotyping took place, have been described previously (11) . The average call rate for SNPs meeting quality assurance criteria was 99.8% in the overall project, and the average concordance rate for duplicate samples (157 pairs in data set) was also 99.8%.
Six of the eight FGFR2 SNPs selected (rs2981582, rs1219648, rs2912774, rs2981579, rs11200014, and rs2420946) were from a single linkage disequilibrium (LD) region where much of the interest from genomewide breast cancer association studies has focused. These SNPs have a minimum squared pairwise correlation (r 2 ) of 0.83 among Caucasian women. A seventh SNP, rs17102287, is in the same genomic region, but is in much lower LD with the other six SNPs (maximum r 2 of 0.32 among Caucasian women). The eighth SNP, rs3750817, is a little distant from the other seven and has a maximum pairwise r 2 of 0.47 with the other SNPs among Caucasian women, but falls within a conserved region of the gene (3). For example, in the WHI clinical trial cohort studied here, SNP rs2981582 with a minor allele (A) frequency of 0.38 had an estimated per minor allele breast cancer OR of 1.27 (P trend = 9.3 × 10 
Statistical Methods
Tests for SNP interactions with the DM intervention OR were carried out using case-only data analyses (8, (12) (13) (14) . This approach, which here can be expected to yield essentially unbiased and highly efficient OR estimates, involves logistic regression of intervention assignment (0, comparison; 1, intervention) on indicator variables for 0, 1, or 2 minor SNP alleles, with constant term given by log [q/(1−q)], where q is the fraction (0.40) of the trial cohort assigned to active intervention in the DM trial. Likelihood ratio tests with two degrees of freedom were used to test for intervention OR variation with SNP genotype. The treatment indicator variable was randomly permuted and the likelihood ratio statistic was recalculated to generate significance levels that are adjusted for the fact that eight FGFR2 SNPs were tested for OR interaction. The multiple testing-adjusted significance level was calculated as the fraction of 1,000 permutation samples for which the likelihood ratio statistic was as large or larger than that observed.
Results
The characteristics of the women participating in the DM trial have been published (2, 15) . Women were postmenopausal at enrollment, with an average age of 63 years, and ∼20% were of minority race/ethnicity. About two-thirds were overweight or obese. All women were without a prior breast cancer diagnosis at enrollment. Table 1 shows DM intervention OR estimates (95% CI) according to the number of minor SNP alleles, for all randomized women, and separately for those having baseline percent of energy from fat in the upper quartile. Significance levels for tests of independence of ORs with SNP genotype are also given. OR estimates for the entire randomized cohort may be slightly lower among women homozygous for the major allele for the first six highly correlated SNPs and slightly lower for women having one or more minor alleles of rs3750817, although these variations are far from significant (P ≥ 0.18). These patterns are clearer, and mostly significant (P < 0.05), however, upon restricting the analysis to women having baseline percent of energy from fat in the upper quartile. Relatively lower ORs among women having one or more T alleles for rs3750817 is particularly evident (P = 0.005). To compare the evidence for interaction with the DM intervention effect among the FGFR2 SNPs studied, we carried out case-only analyses for women having baseline percent of energy from fat in the upper quartile in which the intervention effect was allowed to depend simultaneously on the number of minor alleles of rs3750817 and the original tagging SNP in the first LD region, rs2981582. A dependence of the intervention effect on rs3750817 genotype could be detected (P = 0.03) when the intervention effect was allowed to depend on rs2981582 genotype, but this was not the case for rs2981582 (P = 0.25) when the intervention effect was allowed to depend on rs3750817 genotype.
With adjustment for the fact that eight FGFR2 SNPs were tested for interaction, the significance level for interaction with rs3750817 increases to 0.03. This multiple testing-adjusted test of interaction remained significant (P = 0.05) when the analysis was restricted to Caucasian women (361 breast cancer cases), whereas the corresponding adjusted P values were not close to significant (P ≥ 0.17) for the other seven FGFR2 SNPs. Table 2 shows a further breakdown of ORs for women having baseline percent of energy from fat in the upper quartile, according to the estrogen and progesterone receptor status of the breast tumor, both for rs2981582 (as a representative SNP from the first LD set) and for rs3750817. The patterns just described are not very apparent within tumor receptor status subtypes for rs2981582 but are pronounced for tumors that are estrogen receptor-positive (P = 0.008) or progesterone receptor-positive (P = 0.003) for rs3750817. With multiple testing adjustment, the P values for rs3750817 increase to 0.05 for estrogen receptor-positive tumors and to 0.02 for progesterone receptor-positive tumors. We tested whether the ORs shown in Table 2 for estrogen receptor-positive tumors differed from those for estrogen receptor negative by a simple multiplicative factor and did not find evidence to the contrary (P = 0.74), presumably due to the relatively few estrogen receptor-negative tumors. The corresponding test comparing progesterone receptorpositive and progesterone receptor-negative tumor ORs was also not significant (P = 0.34).
Discussion
The low-fat dietary pattern intervention implemented in the WHI provided suggestive evidence of a reduction in invasive breast cancer risk overall, and stronger evidence among women whose prerandomization diet was relatively high in fat and whose dietary change was larger.
Among women in the upper quartile of percent of energy from fat, the dietary intervention OR varied with the genotype of SNPs in the FGFR2 gene. This interaction was particularly evident (P nominal = 0.005) in relation to SNP rs3750817, where evidence for a breast cancer risk reduction was confined to women having one or more minor (T) alleles. These patterns were apparent for estrogen receptor-positive and for progesterone receptorpositive tumors and persisted upon allowing for the testing of eight FGFR2 SNPs. The randomized assignment of women to the low-fat dietary pattern intervention prevents population stratification from biasing dietary intervention ORs for the overall study population. However, stratification could influence OR variations with SNP genotype, if both genotype and dietary intervention ORs varied among population strata. In fact, the International HapMap data do indicate a lower frequency of the T allele of rs3750817 among persons of African, compared with European, ancestry. However, when analyses were restricted to the 84.3% of breast cancer cases among Caucasian women, the dietary intervention OR pattern was unchanged, and the multiple testing-adjusted P value of 0.05 (versus 0.03 for the combined ethnicities) is as expected with the reduced sample size if DM ORs are unchanged. These findings tend to strengthen the evidence for a DM intervention benefit among women having a high fat content in their customary diets because one would not expect evidence for interaction with rs3750817, or other SNPs, to arise if the DM intervention had no effect on breast cancer incidence.
It is interesting that rather similar breast cancer OR patterns as a function of rs3750817 also arose for the randomized placebo-controlled hormone therapy interventions in the WHI clinical trial (8) . The elevated breast cancer risk with estrogen plus progestin arose from women having one or more major alleles of this SNP, whereas a suggested risk reduction with estrogen alone arose from women homozygous for the minor allele. As previously noted (8) , there is a high degree of sequence homology around rs3750817, and the region has a density of transcription factor binding sites, including the prediction (8) that the T allele introduces a YY1 transcription factor binding site into the human sequence. YY1 is involved in breast cancer cell migration (16) , is involved in ERBB2 oncogene expression (17) , and represses TRAIL-induced apoptosis (18) .
The ability to assess the biological plausibility of an interaction of a DM intervention effect interaction with rs3750817 genotype is limited by the incomplete knowledge of the regulation of FGFR2 protein expression. Meyer et al. (19) studied protein expression in relation to several SNPs in the vicinity of those in the first LD region studied here and concluded that SNPs associated with risk correlated with FGFR2 expression itself, rather than functioning through receptor-ligand interactions. They also identified two transcription factors whose binding affinity was altered by the SNPs studied. Corresponding studies have not been reported for rs3750817, or other SNPs in close proximity to rs3750817.
Reduced ORs among women having the T allele of rs3750817 could suggest a sensitivity of risk to variations in the circulating hormonal milieu. The low-fat dietary pattern intervention led to some reduction in plasma estradiol and increase in sex hormone-binding globulin (2), whereas estrogen plus progestin and estrogen alone cause major increases in both plasma estradiol and sex hormone-binding globulin, (20) .
Similarly, a high body mass index (BMI) is an established risk factor for postmenopausal breast cancer. We observe in the case-control data for this project a significant (P = 0.02) interaction between BMI and the rs3750817 genotype in relation to breast cancer risk, with comparatively stronger evidence for BMI association with risk among women having one or two minor SNP alleles. However, the ORs for rs3750817 shown in Table 1 do not differ significantly (P = 0.60) between obese (BMI, ≥30) and nonobese women.
The strengths of this study are the randomized controlled trial design of the DM trial, which implies precise orthogonality between genotype and dietary intervention, justifying the highly efficient case-only data analysis method used. Other strengths include prediagnostic blood specimens, collected and stored according to a standardized protocol, and quality controlled SNP genotyping.
Study limitations include incomplete knowledge of FGFR2 variants involved in breast cancer risk determination and in related dietary influences. In addition, replication of the interactions reported here will be useful. Readily available WHI observational data are not well suited to this purpose because 4-day food records have not undergone nutrient analysis for most of the controls in the present genotyping case-control studies, and food frequency questionnaire data, in contrast to food record data, provide little evidence of association between dietary fat and breast cancer (21) . A replication study effort that will obtain FGFR2 genotypes for study subjects included in the earlier 4-day food record analyses (21) is in the planning stage.
In summary, SNP rs3750817 in a conserved region of the FGFR2 gene is strongly associated with breast cancer risk and is reported here to interact with the putative effect of a low-fat dietary pattern on breast cancer incidence. Women having one or more minor (T) alleles of this SNP may benefit from reduction from a high-fat to a lower fat dietary pattern.
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